Abstract -The aim of this paper is to present a way for the diagnosis of rotor bar breakages in induction machines. The method is focused on the study of an approximation signal resulting from the wavelet decomposition of the startup stator current.
I. INTRODUCTION
An important number of methods for the diagnosis of rotor bar breakages in squirrel cage motors are based on the detection of characteristic harmonics in the stator currents of the machine. These harmonics are associated to the air-gap field distortion that appears when broken bars exist.
The most spread method in the industrial environment [1] is based on the application of the Fourier Transform to the primary current in steady-state, in order to evaluate the amplitude of the harmonic known as Left sideband harmonic, whose frequency is given by (1) . (1) where f is the frequency of supply, s is the slip, Ω is the rotor speed and Ω s is the synchronous speed.
The breakage diagnosis approach consists on checking if the ratio between the amplitude of the fundamental harmonic and that of the sideband component is lower than certain values. The main disadvantages of this method are the loaddependence of the results (the approach is not valid for unloaded or light-loaded machines), along with the possibility of wrong fault diagnosis when there exist harmonics with near frequencies produced by other causes (such as voltage or load fluctuations or ball-bearing faults) that can lead to confusion.
In order to avoid these disadvantages, some new methods based on the detection of the sideband components during the startup transient have been proposed. For not too fast startups, once the electromagnetic transient is finished, it can be admitted that the machine accelerates following a succession of stationary regimes, with increasing speeds. In such conditions, the left sideband harmonic has a continuous evolution, changing its frequency and amplitude. This frequency evolves in a particular way: It starts from 50 Hz at the time when the machine is connected. As the rotor accelerates, the frequency drops, reaching 0 Hz when the slip equals to 0.5. From this time, it increases again reaching nearly 50 Hz, when the steady-state regime is reached. Some methods based on the wavelet transform have been proposed during these last few years for detecting these components. In this sense, Watson and others [2] extracted these components through the convolution of the current signal with a Gaussian wavelet. In [3] the wavelet coefficients of the DWT were employed. The method that was proposed in [4] was based on the use of the wavelet ridge. [5] [6] describe a characteristic pattern in the low-frequency signals resulting from the DWT of the startup current as an evidence of the existence of the left sideband component during this transient.
In this paper, a method for the diagnosis of rotor bar breakages based on the application of DWT to the startup current is proposed; the method allows for the direct observation of the evolution of the left sideband harmonic during startup process; it is quite different than the approaches commented before, where this component was detected in an indirect way, by means of the alterations that it produces in different parameters or signals associated to the startup process. Given the interest of this component, in the Section II of the paper a theoretical analysis of the left sideband harmonic evolution during the statup transient is done. As a result of this analysis, a description of the harmonic evolution during this transient is given, not only focused on the frequency variations but also in the amplitude. Section III describes the method, based on DWT, which allows the extraction of the left sideband harmonic from the primary current signal. Finally, in Section IV the proposed method is validated; the approach is applied to different startup currents, obtained from healthy and faulty machines, by means of experimental tests and simulation.
II. EVOLUTION OF THE LEFT SIDEBAND HARMONIC DURING THE START UP
The aim of this section is to explain a method for calculating approximately the evolution of the left sideband harmonic along the startup in a cage motor with a bar breakage. In order to avoid unnecessary complexity, an ideal magnetic circuit (no saturation, no magnetic losses, infinite permeability) is assumed in this section
The effects of the bar breakages can be analysed using the concept of "fault current". The analysis of a machine with a broken rotor bar, can be performed from a healthy machine in which a fault current is injected in a rotor bar [7] . The fault current is at every time equal to the current flowing through the same bar in the healthy machine but in the opposite sense, in such a way that the total bar current is null. The fault current circulates trough the short-circuit rings and the remaining bars, originating a magnetic field in the air gap (fault field, B F ); this field, superposed to the normal field of the healthy machine, produces alterations in its functioning; in particular, it induces the current harmonics in the stator windings that are used for the bar breakage diagnosis.
At steady state, the fault current varies sinusoidally in time, with a frequency equal to that of the rotor currents in a healthy machine. If f is the frequency of supply , s the slip and f r the frequency of the rotor current, then the frequency of fault current (f F ) is given by:
The shape of the spatial wave of air gap flux density B Fault (α,t), produced by the fault field, does not vary in time; it is a stepped wave, bipolar, whose amplitude oscillates proportionally to the fault current, with the slip frequency s⋅f: (3) where δ is the air gap length, µ 0 is the permeability of free space, and I r the rms value of the current of the rotor phases .
As an example, Fig. 1 shows the air gap flux density that would be produced by the fault field in a machine with 9 bars, at two different times, t1, t2.
The spatial wave B F (α,t) can be decomposed in a Fourier series, as the sum of spatial harmonics with 1, 2, 3..p ..υ pole pairs; these harmonics have a fix position with respect to the rotor, but their amplitudes are oscillating, proportionally to the fault (or rotor) current. By applying Leblanc's theorem to every harmonic field, two series of rotating harmonics are obtained: a series with the same rotating direction than the rotor (+) and the other with the opposite direction (-). The amplitudes of these rotating waves are constant, and proportional to the rms value of the rotor current: (I r ): (4) where C F,υ is the Fourier coefficient of the order υ harmonic of the fault flux density wave.
The rotating speeds of these harmonics, related to the rotor, are also constant, and are given by:
Among the components of the fault field, the most relevant is the component with the same number of pole pairs (p) than the primary winding, and whose rotating sense is the opposite to that of the main field; the electrical speed of this field, related to the stator (
And therefore, this field is which induces the left sideband harmonic in the stator windings, whose frequency f Ls is given by (1) .
The rotating field B F,p-originates in the stator winding a three-phase system of emf's (e Ls ) with a frequency f Ls ; as a result of these emf's , through the stator winding circulate the left sideband harmonics, which constitute a symmetrical three-phase system of sinusoidal currents, and thus, generate a sinusoidal field, with constant amplitude , which rotates synchronously with B F,p-.
The phenomena before described show that the behaviour of the induction machine concerning to the field B F,p-and the emf's and currents induced by this field, can be assimilated to a synchronous machine. This equivalent synchronous machine works (and this will be explained in the next paragraph) in permanent short circuit regime; just as it is shown in the equivalent phase circuit of Fig.2 .
Fig.2. Equivalent synchronous machine
The field B F,p-acts as excitation field, with an amplitude (obtained by substituting in (4) υ = p ) proportional to I r , which acts as excitating current. The rotating field produced by left sideband harmonics acts as an armature reaction field. The emf's e Ls are induced by the resultant air-gap field, sum of the fault field B F,p-and the field produced by the left sidebands harmonics . Since in the supply system there is any voltage source with a frequency equal to f Ls , and assuming that the supply impedance is negligible with respect to the machine the impedance, the functioning of the equivalent synchronous machine corresponds to a short-circuit regimen; and thus, the left sideband harmonics are only limited by the phase resistance (R s ) and leakage inductance (L σ ) of the stator windings.
This model is also valid for dynamic regimen and will be used for calculating the evolution of left sideband harmonic throughout the startup of an induction machine. During this process, the left sideband harmonic in the phase i of the stator winding (i Lsi ) is determined by:
Where i Ls is the left sideband harmonic of the phase i of stator winding, e Lsi is the emf. induced in the same phase by the resultant field due to B F,p(-) and the field generated by left sideband harmonics. This emf. can be calculated, using the space vector theory [8] as: 
L u is the unit inductance [8] , which depends on the constructive parameters of the induction machine:
is the axial length of magnetic circuit and D is the average diameter of the air gap. Choosing the origin of coordinates in such a way that α s1 =0, substituting (9),(10), (11) in (8) The model provides the values of the stator phase current i s (t), the rotor phase current i r (t) (Fig 3.a) and the speed Ω(t) (Fig 3.b) for consecutive times; These graphics were obtained from the simulation of a starting process of a cage induction motor; the details of the motor and the parameters of simulation are given in Table I . The graphic 3.c shows the evolution of the electrical speed of the fault field component 
TABLE I
Machine details and parameters used in the simulation B F,p-.It was computed from Ω(t) and (6). Fig. 3 .d shows the rms value of the rotor current at every time I r (t); this graphic was calculated from i r (t) and Ω(t):
where ∆t is the time increment used by the numerical model and Np is the number of points contained within a period of the rotor current , which is calculated at every time as: (15) From these data, the yoke flux vector, at successive times is calculated as:
The phase θ(t) of this vector at the instant t, is calculated by integration of (6):
Finally, substituting (16) in (13), the equations can be numerically integrated. Fig. 4 shows the evolution of the left side band harmonics throughout the starting transient, in the three phases of the stator winding, computed according to the described procedure. Basically, the left sideband harmonic evolves as a sinusoidal wave whose frequency varies continuously, first decreasing, becoming null when the slip equals to 0.5 and increasing again; this evolution agrees with (1), although this expression was deduced for steady state condition.
The amplitude of this wave along the startup is approximately proportional to the rms value of the rotor current. This fact can be easily deduced by considering the startup transient as a succession of stationary regimes. In these conditions, the behaviour of the machine regarding the field B F,p(-) can be analyzed using the steady state equivalent circuit of a synchronous machine; then, the emf is considered to be induced by the excitating field B F,p(-) , and the influence of the field generated by the left sideband harmonics can be computed as a voltage drop in an armature reactance 2πfL a ; the rms value of i Ls , for a given rotor speed , can be calculated as:
Where K Ls , L a depend on constructive characteristics of the machine [9] . Since in usual machines 2πL a >> R s , then:
Nevertheless, it has to be pointed out that this last expression is not valid when f Ls << 1.
III EXTRACTION OF THE LEFT SIDEBAND HARMONIC USING DWT
This section explains the procedure for extracting the left sideband harmonic from the stator startup transient current, by means of the DWT.
The starting point is a transient start up current i s (t)= (i 1 ,i 2 , i 3 ……i N ), sampled with a frequency f s (samp/s); applying the DWT, this signal is decomposed as the sum of n details and one approximation signal: (20) where n is the level of decomposition used in the transformation.
The practical procedure for the application of DWT is the Mallat's algorithm. An analysis of this procedure shows that every signal of the decomposition contains the components of the original signal included in a particular frequency band. The detail d j contains the information concerning the signal components whose frequencies are included in the interval [2 -(j+1) 
Otherwise, if a bar breakage exists, left sideband harmonic has a significant amplitude throughout the starting process; as its frequency is always below 50 Hz, it causes a significant increase in the energy of the approximation signal a nf along the starting process; furthermore, in section IV it will be observed that a nf evolves in time following a pattern similar to that which was established in section II for the left sideband harmonic. This allows for a very reliable diagnosis of bar breakages.
The value of decomposition level n f depends on the frequency sampling, and can be easily calculated from the condition (21) that specifies that the upper limit of the frequency interval of a nf is below the main frequency :
Then, the decomposition level of the approximation signal which includes the left sideband harmonic, is the lowest integer n f that fulfils the condition :
The method is checked by simulation and also by laboratory test.
Simulation: For this purpose a numerical model of the induction machine is used [12] ; The model works with an imposed voltage at the primary, and calculates the current in all the phases of the stator and rotor windings, the internal torque and the speed in consecutive times; for every instant, airgap field is calculated taking into account the current and position of every conductor in the machine; this allows for simulation in bar breakage condition, simply giving high values to the resistance of one or more rotor phases.
The graphics of Fig. 5 correspond to a simulation of a start up of a healthy machine. The graphic at the upper side of Fig.  5 shows the stator startup current calculated in a machine with 24 bars in the rotor. The time increment used for calculations is ∆t = 0.0001 s; this is equivalent to a sampling frequency of 10000 samp/s.; with this frequency, and a fundamental frequency f = 50 Hz, from (22) result n f = 7. The graphic at the lower side of Fig. 5 show the approximation signal of level 7, calculated by applying DWT to the current. Fig. 6 shows the simulation of a startup of the same machine, but with a broken bar (at the top, startup current, at the bottom approximation signal of level 7). It can be clearly observed that in the case of machine with a broken bar (Fig.6 ) the energy of the approximation (graphic at the bottom) is much more greater than in the case of healthy machine.
Also, in the case of faulty machine, it can be observed that the evolution of the approximation a 7 basically matches with the left sideband harmonic, calculated in sect. II (Fig. 4 ) Nevertheless, there are some differences between fig.4 and the approximation a 7 in fig. 6 during the first part of the graphic (from 0 to 0.6s) ; these differences are caused by the fact that the approximation contains the low frequency oscillations produced by the electromagnetic transient, and also, does not contain the higger frequencies of left sideband, because the upper limit of the frequency interval of the approximation has to be set below the main frequency ( in this case, this limit is 40 hz.)
Laboratory machine tests: These tests were performed using a laboratory machine, with twelve phases at the secondary winding (placed at the stator) ; the endings of every phase are accessible; so it is possible to test the machine under different fault conditions, achieved by opening 1,2,3.. rotor phases, that correspond with 2,4,6… broken bars. Fig. 7 shows the result of the test in healthy condition, and Fig. 8 with two broken bars. In both figures, the graphic at the top is the start up stator current. The total time of sampling is 2 s, with a sampling frequency f s = 2000 samp/s; for this frequency the level of the approximation which contains the left sideband harmonic is n f = 5. The graphics at the bottom of the figures are the level 5 approximation corresponding to the currents signals. Here, it can also be observed the increase of energy in the approximation signal of the faulty machine ( fig. 8 ) with respect to the healthy machine (fig.7) ; Furthermore, the evolution in time of the approximation of faulty machine, follows the pattern of left sideband harmonic in the startup process.
Commercial squirrel cage motor test: Fig. 9 and 10 show the results of the tests performed on a standard squirrel cage motor; the motor characteristics are: Rated power 1.1 kw, rated voltage: 400V(star),4 poles, rated sped: 1410 rpm. Number of rotor bars: 28. The sample frequency used for capturing the current signal was fs=5000 samples/s; so, according with (22), the approximation of level n f =6 is which contains the left sideband harmonic. Fig. 9 shows the startup primary current and the approximation of level 6, which correspond to a test in healthy condition; once this test was performed, the rotor of the machine was extracted and two consecutive bars were drilled; the holes were done in the point of connection of the bars with the sort-circuit ring. Finally the machine was reassembled, and tested. Fig. 10 shows the startup primary current measured under these conditions, and the corresponding level 6 approximation. Also can be observed in this case the increment in the energy of approximation signal of faulty machine and the characteristic evolution of this signal, matching to the evolution of left sideband harmonic, described in section III. 
V. CONCLUSIONS
The paper proposes a physically based approach to diagnose rotor bar breakages in induction machines. The method is based on applying the Discrete Wavelet Transform to the startup stator transient current. It is shown that a particular approximation signal of the DWT of stator starting current (whose level depends on the sampling rate), practically reproduces the evolution of the left sideband harmonic along the starting process. The similitude between the shape of this approximation and the characteristic shape of the left sideband harmonic is a reliable evidence of a rotor fault.
An expression which allows for calculating the level of this approximation as a function of the sampling rate is given.
In order to facilitate the evaluation of the shape of the approximation, this paper includes an analysis of the evolution of the left sideband harmonic along the startup, in which its general shape and main characteristics are given.
The reliability of the proposed method is checked first using a numerical model of induction machine and then by testing a laboratory machine and a commercial induction motor. The results of simulation and tests show that the proposed method can be a useful tool for the diagnosis of rotor bar breakages. 
